In this paper we introduce a new method for obtaining high resolution images (to 4 km) of the land backscatter from low-resolution Seasat-A scatterometer (SASS) measurements. The method utilizes the measurement cell overlap in multiple spacecraft passes over the region of interest and signal processing techniques to generate high resolution images of the radar backscatter. The overlap in the 0 ' resolution cells is exploited to estimate the underlying high resolution surface radar backscatter characteristics using a robust new multivariate image reconstruction algorithm. The new algorithm has been designed to operate in the high noise environment typical of scatterometer measurements. The ultimate resolution obtainable is a function of the number of measurements and the measurement overlap. We describe the method and provide sample results based on SASS data. We describe modifications to future scatterometers which would permit the method to produce 1-2 km resolution over land and ice. The high-resolution scatterometer imaging technique, coupled with the frequent, multiple-incidence angle coverage afforded by the scatterometer, is expected to significantly enhance the utility of sca.tteroineter data in various land, ice, and vegetation studies.
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I N T R O D U C T I O N
Spaceborne wind scatterometers are an important element in future remote sensing systems because of their proven ability to make all-weather measurements of vector winds over the ocean. Current and planned scatterornetser designs have resolutions in the 25-50 km range which is sufficient for the study of oceanic winds. While scatterometers make measurements of the normalized radar backscatter coeficient (a') over land, these measurements have been used primarily for calibration of the instrument [l] .
Spaceboriie wind scatterometers observe U' over a wide range of incidence angles. Over an incidence angle ( 8 ) range of [20",57"] , the dependence of o ' on the incidence angle is linear, i.e., [1] 1Ologl0 ~" ( 0 )
where A and B are constants independent of 0. A is the value of 0 ' at an incidence angle of 40". A can thus be considered to be the "incidence angle-normalized" 0". Because of the wide range of measurement incidence angles used by wind scatterometers, the A and B coefficients of this model are used in lieu of go.
The coarse resolution (nominally 50 km) of the SASS measurements is a significant limitation to the application of the SASS data in land and ice studies. To ameliorate this difficulty we have developed a new method for obtaining high-resolution estimates of A and B from SASS-class scatterometer measurements. The technique can a.chieve even higher resolution for future scatterometers such as the NASA Scatteroineter (NSCAT). This paper describes our approach a,ird results.
SASS obtained two measurements of 8 at different azimuth angles using multiple anteiliias. The 0 ' measurement resolution ''cells" were (approximately) six-sided polygons with variable size on an irregular grid. The U' measurements were noisywith a normalized standard deviation (KP) of 4% to 50%$ over land.
Our method for generating high-resolution images of A and B from low resolution scatterometer measurements is based on the measurement overlap from multiple SASS passes. The method is described in detail in [3]. A summary is provided below.
The method produces estimates of A and B on a rectilinear grid. the cross-track dimension while a denotes the along-track dimension.] Over a given scatterometer measurement cell the incidence angle 0 can be assumed to be approximately constant. The actual scatterometer measurements, Z k , are noisy, i.e.,
where Vk is a zero-mean Gaussian noise with variance
The high-resolution reconstruction problem can then be posed as:
and B(c, a) for each element of the high-resolution grid.
To solve this problem consider an N, x N, element region of the resolution grid. Collecting all the measurements whose bounding rectangles are completely contained within the region of interest, we obtain a matrix equation relating the measurements
matrix containing the h ( c , a ; k ) , S is an M-dimensional vector of &'( c, a) in lexicographic order (i.e., s , = oo(c, a) where n = c + UN,) and V contains the noise terms uk. Depending on the resolution element size and the number of measurements Z k , H can be either over-or under-determined. The elements of the matrix H are computed by determining the intersection of the six-sided integrated c" measurements and the high-resolution elements (see Fig. 1 ). For appropriately sized high-resolution elements, we c a i assume that the entries of H are either 1 or 0.
We note that if the high-resolution element size is very small or the overlap in the measurements is insufficient, H will be underdetermined. While our approach results in a unique solution for S , the resulting estimate may be smoothed so that the efiective resolution (defined as the minimum resolvable feature size) may actually be larger than the desired pixel size. Thus, the ultimate resolution achievable in the reconstruction is limited by the rank of H and therefore by the measurement cell overlap and the number of measurements. Reducing the size of the high-resolution elements arbitrarily will not increase the effective resolution of the resulting estimate but it may increase the estimate noise.
Increasing the number of measurements, which also increases the measurement overlap, will improve the ultimate resolution. However, for SASS this implies that more orbits must be used to generate the image for which we must assume that the target characteristics remain fixed. We must also assume that (r" is not a function of azimuth angle and is not affected by topography. These assumptions are explored in greater detail in [4, 5] . In this paper we have used the entire three-month SASS data set to generate images of A and B over a test region in the Amazon basin at a resolution of 1/26' x 1/26'. 
The initid A image is set t o zero, i.e., .$ = 0. In the kth iteration, the previous B estimate image is used to generate an estimate of A. b,k+' = __ ( r e f + b f ) .
T i l
This system of equations is iterated over k until convergence. Unlike conventional ART algorithms which are sensitive to noise and diverge if iterated too many times, the SIR algorithm is relatively noise-tolerant and does not diverge after continued iteration. Instead, as the algorithm converges the update terms continue to grow smaller until there is no change between itelations. The algorithm has been tested extensively using simulated and actual SASS measurements and typically converges within 30-40 iterations. We observed that the subjective quality of the final images may he improved by applying an edge-preserving 3 x 3 median filter. It was further observed that the image noise can be significantly reduced, with only a small reduction in the image resolution, by application of a hybrid median-linear filter to the image estimates at each stage of the iteration 131. The SIR algorithm with the added filtering is termed SIRF.
SASS EXAMPLE
The SIRF algorithm was used with actual SASS uo measurements to generate high-resolution maps of A and B over a test region over the Guiana Highlands in South America. A wider view of the whole Amazon basin is given in [5]. oo measurements with excessive K p (lip > 15%) were excluded. Only o0 measurements with incidence angles in the range 23" to 57" were used. The resulting A image is shown in Fig. 2 . The high-resolution elements are 1/26' x 1/26'.
A 0.5' x 0.5' ( w 50 km-the intrinsic resolution of SASS) A image generated using the "binning" method of 121 is shown in Fig. 3 . The resolution enhancement of the SIRF algorithm relative to the "binning" approach is clearly evident. In constrast to the A images, the B images (not shown) show only limited spatial detail (see [4] ).
The low A (black and dark grey) area in Fig 
APPLICATIONS TO F'UTURE SCATTEROMETERS
While the best obtainable resolution with this method using SASS data can be considered only "high-resolution'' when compared to the intrinsic 50 km resolution of the scatterometer, much higher resolution is possible by modifying future scatterometers. As presented here, high-resolution scatterometry is based on measurement cell overlap. For SASS, overlap was obtained by combining multiple orbits over an extended period of time. Increasing the number of orbits combined results in improved resolution and reduced estimate noise. However, the target's radar characteristics must remain constant over the data acquisition interval. This represents a serious limitation for rapidly changing regions such as polar ice.
class scatterometer planned for the EoS-era, significant resolution enhancement resulting from measurement overlap can he obtained by modifying the measurement rrequence. This permits high-resolution imaging with only a single spacecraft pass, relaxing the target constancy requirement. Over land and ice the ultimate resolution attainable is 1-2 kin. The required instrument modifications, described in detail in [3], are relatively minor. They consist of modifying the beam sequence timing and downlinking the periodogram data. This increases the data rate from 3.1 kbps to 750 kbps hut does not affect the wind measurement capability. The higher-rate data need only be collected over land and ice.
For future Doppler scatterometers such as NSCAT and the NSCAT-CONCLUSION Traditionally, spaceborne scatterometers have been low-resolution radar instruments designed 1,o measure winds over the ocean. Because of their low resolution, the scatterometer measurements made over land have been used primarily to calibrate the instrument. However, improved resolution would enhance the scientific utility of the scatterometer data for land and ice studies. Over ice, the frequent, multi-incidence angle, high-resolution scatterometer measurements may permit determination of ice-age and snow cover. Coupled with radiometer measurements this may result in significant improvements in the understanding of the polar heat flux.
In this paper we have described a method for obtaining highresolution radar images from scatterometer measurements. The technique is based on spatial measurement overlap and a new image reconstruction algorithm. Resolution enhancement of 8-10 times was achieved using actual SASS data. The resulting medium-scale is useful in a variety of other geophysical studies, e.g., vegetation classification [4,5] and ice studies [6].
The limitations of our technique when applied to SASS data may he ameliorated for future Doppler scatterometers such as NSCAT and the NSCAT-class EoS-era scatterometer. With relatively inexpensive modifications, future NSCAT-class scatterometers can achieve effective resolutions as low as 1-Z! km. Thus, the modified scatterorneter can provide significant additional science return with only a limited budgetary impact. This relatively inexpensive enhancement of planned missions may yield significant contributions to future studies of glob& change. While our technique was developed expressly for spaceborne scatterometer measurements, it can be applied to other sensors such as radiometers. -:< ea0 -5 0ee
